The Andaman Sea in the Indian Ocean has been a classical study region for Internal Solitary Waves (ISWs) for several decades. Papers such as Osborne and Burch (1980) usually describe mode-1 packets of ISWs propagating eastwards, separated by distances of around 100 km. In this paper, we report on shorter period solitary-like waves that are consistent with a mode-2 vertical structure, which are observed along the Ten Degree Channel, and propagate side-by-side the usual large mode-1 solitary wave packets. The mode-2 waves are identified in TerraSAR-X images because of their distinct surface signatures, which are reversed when compared to those that are typical of mode-1 ISWs in the ocean. These newly observed regularly-spaced packets of ISW-like waves are characterized by average separations of roughly 30 km, which are far from the nominal mode-1 or even the mode-2 internal tidal wavelengths. On some occasions, five consecutive and regularly spaced mode-2 ISW-like wave envelopes were observed simultaneously in the same TerraSAR-X image. This fact points to a tidal generation mechanism somewhere in the west shallow ridges, south of the Nicobar Islands. Furthermore, it implies that unusually long-lived mode-2 waves can be found throughout the majority of the fortnightly tidal cycle. Ray tracing techniques are used to identify internal tidal beams as a possible explanation for the generation of the mode-2 solitary-like waves when the internal tidal beam interacts with the ocean pycnocline. Linear theory suggests that resonant coupling with long internal waves of higher-mode could explain the longevity of the mode-2 waves, which propagate for more than 100 km. Owing to their small-scale dimensions, the mode-2 waves may have been overlooked in previous remote sensing images. The enhanced radiometric resolution of the TerraSAR-X, alongside its wide coverage and detailed spatial resolutions, make it an ideal observational tool for the present study.
Introduction
Efficiently monitoring the ocean by means of satellite imagery is becoming an increasingly valuable tool, as its surveying ability on a global basis is far beyond that of traditional in situ measurements. Satellite remote sensing especially excels in acquiring and integrating multiple views of the ocean including in synergy with numerical modelling and in situ data, and hence it leverages our ability to document, understand, and predict a wide range of ocean phenomena. In particular, orbiting Synthetic Aperture Radars (SARs) have been acquiring high-resolution radar images in all-weather conditions for nearly four decades-since Seasat first flew in 1978. Their unique views of the ocean surface have been providing the ocean sciences communities with unprecedented insights into numerous processes and ocean applications (for more details see [1] ). For instance, despite being a classical subject in physical oceanography, Internal Wave (IW) research has greatly benefited from Lω (respectively), where N max is a representative maximum of the buoyancy frequency, U max is a typical value of the maximum flow velocity over some topography with characteristic width L and height H, and ω is usually the semi-diurnal tidal frequency. These non-dimensional parameters indicate that, for example, increasing or decreasing Fr t means more or less blocking from the bathymetry on the incoming flow, or that the tidal excursion length is simply a measure of how much of the topography is traversed during a tidal excursion. A third parameter is also particularly important in the discussions to come. The internal or densimetric Froude number (Fr) is usually defined as U/c, and essentially describes the hydraulic state of a stratified flow with magnitude U (i.e., subcritical, critical, or supercritical) with respect to a characteristic IW phase speed (c). While these parameters are useful in describing IW generation in the vicinities of some bathymetry feature, they also define the upstream or downstream locations of the exact isopycnal perturbations from which IW trains eventually originate (also referred to as a lee wave or upstream influence). However, these details need not concern us here, especially since they are hard to determine from SAR imagery alone (i.e., without additional in situ or modelling data). What is particularly important for the observations discussed in this work is the resonant coupling between IWs of different vertical modes that has recently come to light from SAR imagery. This resonant coupling involves sea surface signatures of small-scale IWs that appear in between the larger IW packets usually observed in SAR, and it has been documented in the South China Sea [10] and in the Mascarene Ridge of the Indian Ocean [2] . In these independent studies, coupled IW systems propagating with similar phase speeds were documented by means of SAR and were investigated with numerical modelling. They are then said to be in resonant coupling in the sense that energy transfer between both IW systems is possible, with the larger-scale waves travelling deeper and the short-scale waves being trapped within the upper layers close to the ocean surface. In this paper, similar wave features will also be shown in the Andaman Sea.
The Andaman Sea in the Indian Ocean, located between the Malay Peninsula and the Andaman and Nicobar Islands (see Figure 1 for location), has been a classical study region for IWs for more than 50 years. However, observations of extraordinarily large IWs in this study region were reported long before their first scientific accounts. In fact, in 1861 the oceanographer Matthew F. Maury had already documented some large bands of choppy water or ripplings stretching from horizon to horizon, which were commonly observed by mariners during their journeys in the Andaman Sea (see p. 389 in [11] ). More than a century later, these descriptions were indeed recognized as the surface manifestation of large-scale and fast propagating IWs-when Perry and Schimke [12] conducted the first IW oceanographic measurements in this region. While aiming to determine the impact of IWs in underwater oil drilling structures, a series of measurements were also conducted by Osborne and Burch [13] in the southern edge of the Andaman Sea. Their detailed measurements revealed that these waves appeared in packets with ranking-ordered amplitudes, beginning at approximately 60 m in Remote Sens. 2018, 10, 861 3 of 16 the leading wave, and then decreasing towards the rear. These are characteristic features of Internal Solitary Waves (ISWs)-a special class of IWs which retain their shape and speed for considerable distances-which are usually described under the solitary wave theory of Korteweg and deVries (KdV). In fact, their measurements showed that these waves could be better predicted and interpreted under the shallow water KdV equation, and hence the term ISWs is usually referred to when describing the IWs propagating in the Andaman Sea.
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Few other studies have emerged since. Particularly important are those by Alpers et al. [14] and Jackson [15] , showing long SAR strips with exceptionally strong sea surface manifestations of ISW packets propagating onto the shelf of the Malayan Peninsula, suggesting tidally-driven generation sources in the western sections of the Andaman Sea. Acoustic Doppler Current Profiles presented by Neng et al. [16] also suggest IW sources near the shallow ridges separating the Andaman Sea from the Bay of Bengal, which were further confirmed in the high-resolution 3D numerical simulations shown in Shimizu and Nakayama [17] . Nonetheless, comprehensive descriptions of the IW fields are yet to be documented in this region-especially by means of SARs, which has been done in other equally important IW hotspots such as the South China Sea (e.g., [18] ), the Mascarene Ridge in the Indian Ocean [2] , and off the Amazon shelf [19] .
Interestingly, however, global ocean models reveal IW energetics in this region to be at least of the same order as (if not greater than) those in other intensively studied regions (see e.g., [20] ). In fact, in the particular case of the Andaman Sea (see Figure 1 ), a series of shallow ridges separate this marginal sea from the Bay of Bengal along more than 1000 km-all of which are potential IW generation sites. Likewise, satellite views in this region typically reveal at least half a dozen distinct generation sites, almost resembling a series of ISW hotspots stacked meridionally-for example, Figure 1 . Bathymetry of the Andaman Sea corresponding to the inset on the top-left corner (colour-scaled on top). Grey rectangles depict subsets corresponding to TerraSAR-X acquisitions shown in Figure 3 . Representative tidal ellipses are shown in black for a full spring-neap tidal cycle (the largest having a semi-major axis around 0.9 m/s). The red transect and colour-filled circles are reference locations discussed for a particular bathymetry profile shown in Figure 5 .
Interestingly, however, global ocean models reveal IW energetics in this region to be at least of the same order as (if not greater than) those in other intensively studied regions (see e.g., [20] ). In fact, in the particular case of the Andaman Sea (see Figure 1 ), a series of shallow ridges separate this marginal sea from the Bay of Bengal along more than 1000 km-all of which are potential IW generation sites. Likewise, satellite views in this region typically reveal at least half a dozen distinct generation sites, almost resembling a series of ISW hotspots stacked meridionally-for example, shown in Jackson [15] and at https://go.nasa.gov/2ow8eSK. Furthermore, different characteristics can be found across these multiple generation sites involving important parameters such as bottom depth, bottom slopes, and tidal currents. This is especially interesting since direct comparisons can be made between different IW generation regimes while surveying them simultaneously in SAR imagery or other means of remote sensing.
Of particular interest to this study are two neighbouring and yet distinct stretches of the Andaman Sea-one approximately between 8 • and 9 • N, and the other along what is commonly referred to as the Ten Degree (10 • ) Channel (see Figure 1 for locations). In this study, we will show that these contiguous sections feature two very different ISW regimes. In fact, a recent survey using TerraSAR-X acquisitions-which are especially suited for ISW surveys as they deliver considerable wide swaths at very high spatial resolutions-from the Andaman Sea revealed a much more intricate structure than previously thought. In particular, evidence for resonant coupling between larger Internal Tides (ITs, i.e., IWs of tidal period) and shorter-scale mode-1 ISWs will be shown to be at work in the Andaman Sea, similar to recently documented cases in the South China Sea [10, 21] and in the Mascarene Ridge [2] . Moreover, unprecedented SAR evidence will be shown that features short ISW envelopes with characteristic mode-2 sea surface signatures that are regularly spaced by higher-mode IWs.
In this paper, we seek to document the 2D horizontal structure on these particular sections of Andaman Sea (approximately between 8 • and 11 • N). The rest of the paper is organized as follows. Section 2 will describe the methods concerning satellite SAR imagery and important methodologies thereof. Section 3 will present key acquisitions that are representative of the study region, and a detailed analysis will follow in Section 4. Finally, Section 5 will summarise our main findings, along with some concluding remarks.
Methodology
Six SAR images that were acquired and processed from TerraSAR-X were selected as representative of the ISW activity in the Andaman Sea between 8 • and 11 • N. These are listed chronologically in Table 1 , together with the Envisat-ASAR acquisition used in da Silva and Magalhaes [22] , which is also especially important in this study (to be discussed in the next sections). All TerraSAR-X acquisitions were in ScanSAR-mode (with a nominal spatial resolution of 18 m), which means that the viewing strips were approximately 200 km wide and as long as 1000 km long in some cases. This acquisition mode is especially suited when surveying ISWs since wide swaths can be delivered with high spatial resolutions around tens of meters, allowing extended views of the waves along their propagation path, while preserving their detailed spatial structure.
ISWs are particularly well observed in SAR images, essentially owing to their characteristic sea surface manifestations (or signatures) in the short-scale (i.e., centimetre to decimetre) sea surface roughness, which is in turn proportional to the waves' surface current gradients [23] [24] [25] . An illustration is given in the schematic representation of Figure 2 , which shows how the normalized radar cross section (σ o ) is modulated in the presence of mode-1 ISWs of depression (left panel in Figure 2 )-as these are the most commonly observed in the ocean and in SAR images (see e.g., [15] ). In this case, isopycnals are depressed as the wave propagates towards the right, while the wave's orbital velocity field creates a surface gradient with consecutive convergence and divergence sections. Consequently, sea surface roughness will increase and decrease in comparison with the unperturbed background. In a SAR image, when considering the wave direction of propagation (in agreement with [23] ), this means mode-1 ISWs appear first as a bright and enhanced backscatter section, and after this a trailing dark and reduced backscatter section follows. Table 1 . List of images used in this study and in the composite map in Figure 1 (solid black lines). Tidal ranges within spring-neap cycles are given together with tidal currents (along the waves' direction of propagation) at time of acquisition. The number of wave-tail envelopes (N wt ) in each image is also shown with an averaged value for the length between consecutive wave-tails (λ). ISWs are particularly well observed in SAR images, essentially owing to their characteristic sea surface manifestations (or signatures) in the short-scale (i.e., centimetre to decimetre) sea surface roughness, which is in turn proportional to the waves' surface current gradients [23] [24] [25] . An illustration is given in the schematic representation of Figure 2 , which shows how the normalized radar cross section (σo) is modulated in the presence of mode-1 ISWs of depression (left panel in Figure 2 )-as these are the most commonly observed in the ocean and in SAR images (see e.g., [15] ). In this case, isopycnals are depressed as the wave propagates towards the right, while the wave's orbital velocity field creates a surface gradient with consecutive convergence and divergence sections. Consequently, sea surface roughness will increase and decrease in comparison with the unperturbed background. In a SAR image, when considering the wave direction of propagation (in agreement with [23] ), this means mode-1 ISWs appear first as a bright and enhanced backscatter section, and after this a trailing dark and reduced backscatter section follows.
Acquisition
However, an increasing number of ISW observations have recently been documented in which SAR signatures are not consistent with this picture, and are instead reversed in relation to mode-1 ISWs. These waves are often discussed as resulting from a mode-2 internal vertical structure, and hence are termed mode-2 ISW-like waves, since they too usually appear in rank-ordered packets. According to Figure 2 (right panel), a convex mode-2 internal structure is best thought of as a bulge propagating along horizontally which displaces isopycnals upward and downward in the upper and lower layers, respectively. It is as if two individual ISWs are placed vertically on top of each other, and hence two orbital velocity fields appear instead. Only this time, the upper velocity field is reversed in relation to the lower velocities, and hence in relation to typical mode-1 ISWs. In turn, this eventually means that the polarity of a mode-2 ISW-like wave signature at the surface is also reversed, meaning a dark reduced backscatter will precede bright enhanced backscatter in the propagation direction of the wave (see e.g., [2, 26] for more details). The information retrieved from SAR imagery can be analysed together with in situ data and linear theory to provide further insights into the generation and propagation details. In particular, if ISW packets are found regularly spaced in the images, then they are usually of tidal origin and their separations are interpreted as tidal wavelengths. In this case, travel-time plots (in the same fashion as in [2, 27] ) can be used to determine possible proxies for the waves' generation position and tidal phase. These can then be compared with the Baines [28] barotropic tidal forcing to determine the However, an increasing number of ISW observations have recently been documented in which SAR signatures are not consistent with this picture, and are instead reversed in relation to mode-1 ISWs. These waves are often discussed as resulting from a mode-2 internal vertical structure, and hence are termed mode-2 ISW-like waves, since they too usually appear in rank-ordered packets. According to Figure 2 (right panel), a convex mode-2 internal structure is best thought of as a bulge propagating along horizontally which displaces isopycnals upward and downward in the upper and lower layers, respectively. It is as if two individual ISWs are placed vertically on top of each other, and hence two orbital velocity fields appear instead. Only this time, the upper velocity field is reversed in relation to the lower velocities, and hence in relation to typical mode-1 ISWs. In turn, this eventually means that the polarity of a mode-2 ISW-like wave signature at the surface is also reversed, meaning a dark reduced backscatter will precede bright enhanced backscatter in the propagation direction of the wave (see e.g., [2, 26] for more details).
The information retrieved from SAR imagery can be analysed together with in situ data and linear theory to provide further insights into the generation and propagation details. In particular, if ISW packets are found regularly spaced in the images, then they are usually of tidal origin and their separations are interpreted as tidal wavelengths. In this case, travel-time plots (in the same fashion as in [2, 27] ) can be used to determine possible proxies for the waves' generation position and tidal phase. These can then be compared with the Baines [28] barotropic tidal forcing to determine the most likely ISW hotspots. The barotropic tidal forcing has been found to be a useful indicator for generation sites in other independent studies, including in the Iberian Shelf [29] [30] [31] [32] and in the Mozambique Channel [33] . Following Baines [28] , the barotropic forcing term (F) for ITs resulting from tidal currents and bottom bathymetry, is a scalar quantity found at each depth level as:
where z is the vertical coordinate (positive upwards), N is the buoyancy frequency, Q is the barotropic mass flux vector Q = (uh, vh) with u and v being the zonal and meridional components of the barotropic velocity, and h the bottom depth. This tidal forcing is usually integrated analytically along a tidal cycle, provided that tidal currents are previously known and best-fitted to tidal ellipses. In this study, tidal currents were estimated from a regional solution for the Andaman Sea provided from the Oregon State University Tidal Inversion Software [34] ), which runs at 1/30 • and includes 4 semidiurnal and 4 diurnal constituents (M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , P 1 , Q 1 ). The bathymetry data is part of the one minute global bathymetry from Smith and Sandwell [35] , and the stratification was obtained from climatological monthly means (available at www.esrl.noaa.gov), which is assumed constant in the x (i.e., zonal) and y (i.e., meridional) directions in Equation (1). According to this formulation, elevated barotropic forcing sites where ITs are being generated are usually found where large tidal currents oscillate across shallow steep bathymetry. This is certainly the case in the shallow ridges along the Andaman Sea (see Figure 1) . Two distinct cases then follow, depending on how local stratification, bottom bathymetry, and tidal currents interact. Either the vertical oscillations induced in the water column radiate away horizontally in the form of interfacial waves directly along the nearby pycnocline, or IW beams (or rays) form and propagate coherently along an oblique direction to the horizontal [36] . In the first case, ocean ridges feature large interfacial ITs forming directly above steep bottom bathymetry, which typically evolve (through nonlinear processes) to higher-frequency ISW packets (see e.g., Figure 2 in [2] ). Otherwise, when critical (or near-critical) slopes exist, meaning the bottom topographic slope matches the slope of the characteristic IT propagation paths, the IT energy propagates at an angle (θ) to the horizontal such that,
where ω is the tidal frequency, f is the Coriolis parameter, and N is, again, the buoyancy frequency [36] . In other words, when the forcing barotropic flow is coincident with the motion plane for free IWs, resonant conditions usually result in enhanced IW beam generation. In continuously stratified fluids (such as the ocean), Equation (2) is often used in a ray tracing technique that follows IT beams, as these follow characteristic pathways along which the internal tide energy can propagate. These rays can then reflect from the seafloor or the sea surface, and interact afterwards with the ocean's pycnocline to generate ISWs by means of a different mechanism. Note that these ISWs do not originate from nearby bathymetry, but from IT beams instead, as these interact at an oblique angle with the ocean pycnocline, generating interfacial waves there that may evolve through nonlinear steepening into ISW packets. This mechanism is therefore usually referred to as local generation and it has been measured in situ [37, 38] , modelled numerically [39] [40] [41] , and observed in laboratory experiments [42] . SAR imagery has confirmed its effectiveness as well, including in the Bay of Biscay, the Iberian shelf-break, and the Mozambique Channel [30, 31, 33, 43] . More recently, in the Mascarene Ridge of the Indian Ocean, da Silva et al. [2] also found consistent evidence between SAR and fully nonlinear and non-hydrostatic simulations, showing large interfacial mode-2 IWs that originated from IT beams, interacting with the pycnocline from above after reflecting from the sea surface (see their Figure 9 ). It is noteworthy that these mode-2 features were found in resonant coupling with very short-scale mode-1 ISWs (meaning they both travelled at the same speed) which were clearly observed in SAR and referred to as wave-tails. This is especially important to the present study, since similar features will also be shown in this paper to be at work in the Andaman Sea. However, unlike the Mascarene Ridge, SAR observations of both mode-1 and mode-2 ISW-like waves will be shown to be recurring features in this study region-but they too will be consistent with resonance with higher-mode IWs.
SAR Observations
We now present two selected case studies that are representative of the ISW field in the Andaman Sea between 8 • and 11 • N. These images show typical views along two adjacent stretches (see Figure 1 for locations), which will nonetheless appear very different. The first case study is presented in Figure 3a , and shows a TerraSAR-X image dated 17 March 2014, acquired as the satellite flew over the Andaman Sea (see also Supplemental Material S1). In this image, as in many others in this study region, two large mode-1 ISW packets may be seen, which are typically separated by 100 km along their propagation direction. A detailed inspection of the SAR signatures, in the same fashion as [44] , reveals that the ISW packets propagate eastwards into the Andaman Sea and away from the shallow ridges near 9 • N (see also the grey rectangle in Figure 1 ). Their backscatter modulations in the SAR consist essentially of very bright bands, behind which some less pronounced darker sections follow (especially in the easternmost wave). Considering that the ocean depths here are greater than 1000 m, this indicates that the sea surface signatures are consistent with mode-1 ISWs of depression. These large-scale packets are actually a typical view in the Andaman Sea, and are in fact very similar to those reported in other studies reporting similar IW activity in this region (e.g., [14, 15] ).
Careful examination reveals two other wave features in between the larger mode-1 ISW trains, which do not appear to belong to the same family of those. These are labelled as wave-tail envelopes in Figure 3a , owing to their wavy and clustered quasi-linear characteristics, whose total length along the propagation direction is at least 20 km. Their backscatter intensities are comparable to the larger ISWs, while still being characteristic of short-scale mode-1 ISWs of depression. Similar features have previously been reported in the South China Sea [10, 21] and in the Mascarene Ridge [2] . In both cases, the authors also documented similar short-scale mode-1 ISWs, whose envelopes were seen to propagate coupled with larger mode-2 IWs (with a semidiurnal periodicity). Interestingly, the two wave-tails in Figure 3a were also separated by approximately half their larger mode-1 companions, and hence were consistent with a wavelength of a mode-2 IT. We also note in passing that these wave-tails are commonly observed in the Andaman Sea, including in other means of remote sensing as shown in Supplemental Material S2. In this case, an RGB composite (from MODIS) was acquired two days later in cloud free conditions, and again shows a wave-tail feature, this time a bit farther ahead its propagation path and in between two large mode-1 ISWs (almost identical to Figure 8 in [2] ). As these features appear to be observed frequently in yet another region of the world's oceans, we feel that they add to the case that higher-mode IWs may be commonly operative in many other ISW hotspots. Figure 1 and Supplemental Material S1 for location). ISWs are propagating approximately towards 70°TN (white dashed arrow), and two mode-1 packets may be identified with a separating distance of roughly 100 km. In between these, two "wave-tail" envelopes are also depicted by white arrows and are spaced by about half of the previous wavelength; (b) Subset of a TerraSAR-X image, approximately 167 × 94 km 2 , showing a typical view of the ISW field along 10°N in the Andaman Sea (see Figure 1 for location). The wave field is propagating approximately towards 70°TN (white dashed arrow), but no mode-1 packets are observed. Instead, five regularly-spaced "wavetail" envelopes are depicted by dashed borderlines. The white rectangle depicts the location of an ISW transect shown in Figure 4 , and is consistent with a mode-2 ISW-like wave.
The IW field in Figure 3b is also very different from the traditional views of the Andaman Sea. Despite being acquired just north of Figure 3a (and a tidal cycle later), it is remarkable to see that no sign of large mode-1 ISW packets can be observed. Regularly-spaced envelopes still exist, but this time their average separations are roughly around 30 km, which are far from nominal mode-1 or even mode-2 IT wavelengths. Furthermore, five distinct envelopes may be identified, which means that Figure 1 and Supplemental Material S1 for location). ISWs are propagating approximately towards 70 • TN (white dashed arrow), and two mode-1 packets may be identified with a separating distance of roughly 100 km. In between these, two "wave-tail" envelopes are also depicted by white arrows and are spaced by about half of the previous wavelength; (b) Subset of a TerraSAR-X image, approximately 167 × 94 km 2 , showing a typical view of the ISW field along 10 • N in the Andaman Sea (see Figure 1 for location). The wave field is propagating approximately towards 70 • TN (white dashed arrow), but no mode-1 packets are observed. Instead, five regularly-spaced "wave-tail" envelopes are depicted by dashed borderlines. The white rectangle depicts the location of an ISW transect shown in Figure 4 , and is consistent with a mode-2 ISW-like wave.
The second case study addressed in this paper presents an entirely different view. In this example, Figure 3b shows sea surface signatures that are typically observed along what is commonly referred to as the Ten Degree Channel of the Andaman Sea (see Figure 1 for location), corresponding to a TerraSAR-X image acquired approximately a semidiurnal tidal cycle later than Figure 3a . Nonetheless, unlike the previous case, the usual bright and large-scale mode-1 ISWs packets are all but missing.
Instead, the major features in this image are actually consistent with mode-2 short-period ISW-like waves. Indeed, while the IW field is also seen to propagate eastwards and away from the shallow ridges south of the Andaman Islands (c.f. Supplemental Material S3), the majority of the individual waves in this case have much shorter scales and their sea surface signatures are reversed when compared with those shown in Figure 3a . A detailed inspection of these sea surface signatures is presented in Figure 4 . Recalling Figure 2 , we note that the backscatter modulations along the waves in this case, reveal dark bands (i.e., decreased backscatter) preceding bright bands (i.e., increased backscatter) in the propagation direction, which for those deep-ocean conditions, are consistent with the sea surface manifestations of mode-2 ISW-like waves. Interestingly, despite the much shorter-scales and reduced packet coherency (comparing with larger mode-1 ISW packets), the profile in Figure 4 still suggests that these waves may have rank ordered amplitudes, at least in the leading and more prominent waves.
Remote Sens. 2018, 10, x FOR PEER REVIEW 9 of 16 the longevity of these wave-packets is at least 48 h (assuming semidiurnal periodicity). In fact, scrutiny suggests that the envelopes' characteristic dimensions increase from about 10 to more than 20 km as the waves develop along their direction of propagation. We stress that this represents an unprecedented view in the Andaman Sea and everywhere else in the ocean, in which five consecutive and regularly spaced mode-2 ISW-like wave envelopes were observed simultaneously in the same image. Interestingly however, it is not an isolated event, but has instead been found in a number of images along this particular stretch of the Andaman Sea. Owing to their small-scale dimensions, these waves may have been overlooked in other remote sensing images. For instance, it is very hard to observe them in standard 250 m resolution sunglint images, where the larger mode-1 ISW packets are easily seen (see e.g., Supplemental Material S2). On the other hand, the enhanced radiometric resolution of the TerraSAR-X, alongside its wide coverage and detailed spatial resolutions, make it an ideal observational tool for these waves. In fact, after surveying the entire record, five more cases were identified with similar surface signatures consistent with mode-2 ISW-like waves-all of which showed no signs of the larger mode1 ISW packets. These are listed in Table 1 in chronological order, and span between 2014 and 2015. We note in passing that TerraSAR-X images were acquired only on 11 days throughout its entire record, which means that waves along the Ten Degree Chanel were found on nearly 50% of these occasions. Furthermore, the tidal currents at the time of each acquisition are also listed in Table 1 , and suggest that these mode-2 waves are found throughout the majority of the fortnightly tidal cycle. This is somewhat unexpected since the larger mode-1 ISW packets commonly observed in the Andaman Sea are known to be more frequently observed close to spring tides (see e.g., [13] ). For consistency, one other image which is presented in da Silva and Magalhaes [22] is also presented in Table 1 , and contains a very similar picture to that in Figure 3b .
A composite map consisting of all of the images listed in Table 1 is presented in Figure 1 (see solid black curves within the light red propagation envelope). In this map, only the leading and strongest observations were accounted for, and the mean distance between mode-2 ISW-like packet envelopes in each image ( ̅ ) was also listed in Table 1 , along with their corresponding number of observations (NWT). It is worthwhile noting that these features consistently present interpacket distances of around 30 km, just as is observed in our case study in Figure 3b and in da Silva and The IW field in Figure 3b is also very different from the traditional views of the Andaman Sea. Despite being acquired just north of Figure 3a (and a tidal cycle later), it is remarkable to see that no sign of large mode-1 ISW packets can be observed. Regularly-spaced envelopes still exist, but this time their average separations are roughly around 30 km, which are far from nominal mode-1 or even mode-2 IT wavelengths. Furthermore, five distinct envelopes may be identified, which means that the longevity of these wave-packets is at least 48 h (assuming semidiurnal periodicity). In fact, scrutiny suggests that the envelopes' characteristic dimensions increase from about 10 to more than 20 km as the waves develop along their direction of propagation. We stress that this represents an unprecedented view in the Andaman Sea and everywhere else in the ocean, in which five consecutive and regularly spaced mode-2 ISW-like wave envelopes were observed simultaneously in the same image.
Interestingly however, it is not an isolated event, but has instead been found in a number of images along this particular stretch of the Andaman Sea. Owing to their small-scale dimensions, these waves may have been overlooked in other remote sensing images. For instance, it is very hard to observe them in standard 250 m resolution sunglint images, where the larger mode-1 ISW packets are easily seen (see e.g., Supplemental Material S2). On the other hand, the enhanced radiometric resolution of the TerraSAR-X, alongside its wide coverage and detailed spatial resolutions, make it an ideal observational tool for these waves. In fact, after surveying the entire record, five more cases were identified with similar surface signatures consistent with mode-2 ISW-like waves-all of which showed no signs of the larger mode1 ISW packets. These are listed in Table 1 in chronological order, and span between 2014 and 2015. We note in passing that TerraSAR-X images were acquired only on 11 days throughout its entire record, which means that waves along the Ten Degree Chanel were found on nearly 50% of these occasions. Furthermore, the tidal currents at the time of each acquisition are also listed in Table 1 , and suggest that these mode-2 waves are found throughout the majority of the fortnightly tidal cycle. This is somewhat unexpected since the larger mode-1 ISW packets commonly observed in the Andaman Sea are known to be more frequently observed close to spring tides (see e.g., [13] ). For consistency, one other image which is presented in da Silva and Magalhaes [22] is also presented in Table 1 , and contains a very similar picture to that in Figure 3b .
A composite map consisting of all of the images listed in Table 1 is presented in Figure 1 (see solid black curves within the light red propagation envelope). In this map, only the leading and strongest observations were accounted for, and the mean distance between mode-2 ISW-like packet envelopes in each image (λ) was also listed in Table 1 , along with their corresponding number of observations (N WT ). It is worthwhile noting that these features consistently present interpacket distances of around 30 km, just as is observed in our case study in Figure 3b and in da Silva and Magalhaes [22] . Also, the composite map in Figure 1 reveals a well-organized IW field whose propagation envelope (in light red in Figure 1 ) is fairly along the tidal currents there, and suggests an origin along the shallow ridges to the west.
ISW Generation, Propagation, and Resonant Coupling
In general, the exact IW generation and propagation details cannot be confidently resolved without dedicated in situ measurements, modelling results, or a sufficiently large number of satellite images. Nonetheless, further evidence may be obtained from carefully inspecting the present dataset, especially in light of the methodologies described in the previous sections. The overall impression from the SAR is that substantial differences exist between the two IW fields depicted in Figure 3a ,b (see Figure 1 for locations). While farther south, the SAR shows the usual mode-1 ISW packets propagating eastwards along with short-scale mode-1 wave-tails, the picture along the Ten Degree Channel is very different, since in this stretch only regularly spaced mode-2 ISW-like waves exist.
These short mode-2 ISW-like wave envelopes are an unprecedented view in this study region, and we therefore turn to the Ten Degree Channel since it is there that they are frequently observed. The observations in Figure 3b along this stretch reveal that the waves appear regularly spaced at about 30 km, which points to a tidal generation mechanism somewhere in the west shallow ridges south of the Nicobar Islands. A bathymetry profile along the waves propagation path (red transect in Figure 1 ) is shown in Figure 5a , and confirms a series of shallow ridges, all of which are potential IW generation sites. These can be further analysed by taking into consideration the methodologies discussed in the first sections. We begin by analysing the barotropic tidal forcing (F) along these shallow ridges, which is shown as an inset in Figure 5a . Recalling Section 2, we note that stratification in these calculations was assumed constant and was taken from a climatological mean for March (see Figure 5d )-taken as representative for the observed waves (see Table 1 ). The inset in Figure 5 then essentially shows the maxima depth integrated F along a full fortnightly cycle. The tidal forcing at the East Summit (ES) is especially strong, being above 1 m 2 s −2 for more than 10 km, and is in fact of the same order of other ISW hotspots in the Mozambique Channel (see Figure 4 in [33] ). This indicates that energy is being converted from the barotropic tide into baroclinic motions at ES, which may then generate internal motions directly above the bathymetry, or evolve into IT beams (as discussed in the previous sections).
Both possibilities may be investigated by means of the parameters governing typical tidal generation regimes. Interestingly, in the case of ES and the mode-2 ISW-like waves observed in Figure 3b , both Fr and Fr t are quite low, which is essentially a consequence of weak tidal currents (of the order of 10 cm/s, see Table 1 ) interacting with ES at depths where stratification itself is outside the bulk of the pycnocline. Namely, Fr is around 0.3 at most and Fr t of the order of 100, when considering typical tidal currents and stratification, and characteristic phase speeds between 0.6 and 0.7 m/s-as computed from the interpacket distances separating the mode-2 ISW-like waves in Figure 3b . Low internal and topographic Froude numbers suggest that it is unlikely that the waves seen in Figure 3b are being generated directly in the vicinities of ES (see [2, 9] The above-mentioned studies indicate that mode-2 ISW-like waves may result from IT beams, provided that critical bathymetry exists from which IT beams can propagate and interact with the Alternatively, IT beams forming on critical slopes along these shallow features may be a suitable hypothesis instead, since tidal excursion lengths (δ) along these ridges appear to be of the order of 0.1. In the framework of IW generation regimes, this essentially translates to an optimum IT beam generation regime in the presence of critical (or near-critical) slopes (see e.g., [8] and Figure 6 .36 in [45] ). However, this means acknowledging the possibility that mode-2 ISW-like waves (rather than the usual mode-1 ISWs) could result from an IT beam impinging on the pycnocline and locally generating the waves there. Several studies have already documented the generation of waves with higher mode vertical structures in the vicinity of an IW beam impact, including in numerical models [41] , laboratory experiments [42] , and SAR imagery [2] .
The above-mentioned studies indicate that mode-2 ISW-like waves may result from IT beams, provided that critical bathymetry exists from which IT beams can propagate and interact with the seasonal pycnocline in a geometric configuration consistent with the SAR observations-i.e., the waves observed in the SAR need to be ahead of the beam impact. Representative IT beams emanating from critical bathymetry in the vicinities of ES are depicted in green in Figure 5a as computed according to Equation (2), with the same mean stratification for March used in the barotropic tidal forcing calculations. However, interactions with the pycnocline in this case would be beyond (i.e., to the East of) the earliest SAR observations (see blue rectangle in Figure 5a ), rendering this hypothesis less likely to be at work. A more promising possibility comes from ray tracing an IT beam from critical slopes farther west, in particular from TE (in red in Figure 5a ) since interactions with the pycnocline there precede the SAR observations while still having a significant F around 0.5 m 2 s −2 .
To verify consistency with the SAR ground truth, the summit location (TE in Figure 5a ) can be investigated by means of a travel-time plot assembled in the same fashion as in [2, 27] , which allows for a proxy of the waves' propagation history to be reconstructed back to their point of origin. This is presented in Figure 5b for the five observations in Figure 3b (depicted as red circles) . The data suggest a generation somewhat close to where the downward beam interacts with the pycnocline after it reflects from the surface at a time when the tide transitions from maximum east to westward flow (see also inset on the left-hand side of Figure 5b ). This would mean that after maximum eastward flow, which is consistent with IT beams forming on the western slopes and leaning upwards to the east, mode-2 ISW-like waves result from the beam impact some 20 km before (i.e., to the west) the first observations are detected in the SAR-very similar to Figures 8 and 9 in [2] .
However, it is important to note that the waves in Figure 5a are propagating over shallow and variable-depth bathymetry, which will alter their propagation speeds. Taking this into account means estimating phase speeds along variable bathymetry, which can be integrated numerically over time to yield an estimate for the waves' trajectories in a travel-time plot. In turn, this allows the waves in the SAR to be compared with the propagation predictions computed from linear theory as given by a standard boundary value problem, assuming the Taylor-Goldstein (TG) equation with appropriate boundary conditions as follows:
In this formulation, φ is the modal structure, k is the wavenumber representing the nonhydrostatic term, U is the current velocity along the waves' direction of propagation, c is a characteristic phase speed, and H is the bottom depth. In Figure 5b , distance versus time simulations are presented for the first four vertical modes assuming a semidiurnal tidal frequency and wavenumbers as observed from the SAR (set nominally to 30 km). The linear predicted trajectories presented as solid lines in Figure 5b reveal that the first three modes are too steep when compared with the observations, whereas their best fit is along a mode-4 long IW (solid line in red). Note that an increased wave speed is expected for the SAR observations when compared with those obtained from Equation (3), because of an additional contribution from nonlinearity. This effective wave speed increase due to nonlinearity is usually around 20%, as documented in similar studies in other ISW hotspots (e.g., [2, 27] ), and it is indicated in Figure 5b as light red shades departing from the mode-4 solid red line. This corrected trajectory is quite consistent with the observations and propagation speeds around 0.7 m/s, just as estimated from the average spacing between the observations in Figure 3b . Interestingly, the solid red line representing a propagation trajectory consistent with a long mode-4 IW can be traced back in agreement with a generation close to where the downward beam interacts with the pycnocline, at a time when the tide transitions from maximum east to westward flow. We therefore believe this hypothesis is more consistent in light of the SAR, the in situ data, and the methodology described in Sections 1 and 2. We also note in passing that TW in Figure 5a yields very similar results (not shown). However, the Baines [28] body force (F) is slightly smaller around TW compared to TE, and we therefore do not pursue a generation hypothesis at TW here, leaving its detailed analysis for forthcoming investigations.
A closer inspection of Figure 5b indicates that the observations of mode-2 ISW-like waves extend for at least 100 km to the east, while enduring at least 48 h and 5 tidal cycles (assuming that the semidiurnal tide is at work). This is an unusually large time span when comparing with other mode-2 observations documented in the literature [2, 46] . For instance, in da Silva et al. [2] some mode-2 ISW-like waves were found to be short-lived, not exceeding a single tidal-cycle, as were those documented off the coast of New Jersey with lifetimes typically less than a few hours [46] . The extended longevity observed in Figure 3b , and other images alike, could come from resonant conditions between the observed mode-2 wave-tails and larger mode-4 IWs (as indicated in Figure 5b ). This hypothesis is inspired in recent studies such as Guo et al. [10] for the mode-1 wave-tails observed in the SAR, and larger mode-2 IWs that propagate along deeper water layers below in the South China Sea. In this particular stretch of the Andaman Sea, the effectiveness of this resonant coupling involving mode-2 short internal waves can be further investigated, even though the existence of a hypothetical mode-4 IW cannot be confirmed without dedicated in situ measurements or advanced numerical modelling.
Resonant conditions are usually discussed in the literature by comparing the phase speeds predicted according to Equation (3) for large IWs in hydrostatic mode (i.e., k ≈ 0), with those predicted in a non-hydrostatic regime characteristic of the short-scale ISWs observed in the wave-tails (see [2, 10, 47] ). In the case of Figure 3b , this means comparing large IWs with typical mode-4 wavelengths and mode-2 ISW-like wave-tails, which propagate along the direction of the red transect in Figure 1 . Because the mode-2 ISW-like waves are long-lived, we choose to investigate resonant conditions along the waves' propagation path by comparing the characteristic phase speeds along the full extent of the IW field, as observed in the bottom profile in Figure 5a . This is done in Figure 5c for the same March stratification (see Figure 5d ) by presenting phase speeds for the first four hydrostatic vertical modes (in solid black lines) along the bottom profile shown in Figure 5a , and the corresponding non-hydrostatic estimates assuming wavelengths between 500 and 1500 m, as observed in Figure 4 and in the SAR imagery listed in Table 1 . Note that, while the hydrostatic case is somewhat sensitive to bathymetry changes, the shorter wavelengths in the non-hydrostatic cases are not-as expected based on linear IW theory. According to these results, the mode-2 ISW-like waves observed in the SAR have linear phase speed estimates (computed from Equation (3) and depicted in a light blue rectangle) close to both mode-3 and mode-4 long IWs (recalling their observed wavelengths is around 30 km in the SAR). However, they compare better with mode-4 when considering the full extent of the propagation path (especially to the East of 93 • E). This means that the observations in the SAR are consistent with a resonant coupling predicted by linear theory between large mode-4 IWs and short-scale mode-2 ISW-like wave-tails. We also note that resonant conditions between mode-2 IWs and short mode-1 wave-tails (see grey shaded rectangle) exist, both along the Ten Degree Channel and farther south along the propagation path of the waves in Figure 3a . However, we reiterate that the SAR ground truth shows neither the usual large mode-1 ISW packets nor the mode-1 wave-tails along the Ten Degree Channel of the Andaman Sea.
According to the composite map in Figure 1 , the waves' propagation envelope (depicted in light red) includes increasing eastward components than that corresponding to the profile in Figure 5a . For consistency then, ten more profiles corresponding to waves with more eastward components are analysed in Figure 5c , and correspond to the grey lines clustering around the hydrostatic mode-4 black curve which show that these too are fairly in resonant coupling with mode-2 ISW-like wave-tails. Furthermore, SAR shows these wave-tails to be observed, at least, from January to May in the Ten Degree Channel, and therefore similar plots were investigated for the remaining density profiles (climatological monthly means). In practice, this means having the pycnocline shifting some 50 m in the vertical and some 30% in the horizontal (see Figure 5d) , while still yielding similar results to those in Figure 5c . This therefore adds to the robustness of the resonant coupling conditions in this region.
Summary and Conclusions
SAR imagery from TerraSAR-X is used to document the 2D horizontal structure of ISWs in the Andaman Sea between 8 • and 11 • N. According to the satellite imagery, two very distinct IW systems appear to be operating simultaneously in nearby stretches in this region. On the one hand, farther south the usual large mode-1 ISW packets are regularly observed, whereas mode-1 ISW wave-tails separated by long mode-2 wavelengths are also frequently observed, just as in other regions of the world's oceans. On the other hand, sea surface signatures in the SAR are very different along the Ten Degree Channel. In this case, no mode-1 ISW packets are apparent, while long-lived and regularly spaced mode-2 ISW-like wave-tails are frequently observed. These waves were analysed in light of additional in situ data and linear theory. While semidiurnal in nature, their generation appears to be more consistent with IT beams interacting with the local pycnocline, rather than resulting directly from the barotropic tide as it flows over the shallow ridges south of the Nicobar Islands. The unusually long-lived mode-2 wave-tails were also found consistent with a resonant coupling with larger mode-4 IWs. Altogether, we believe that this study region offers unique prospects as far as IW dynamics is concerned. In particular, several generation mechanisms could be operating simultaneously in close proximity, therefore providing SAR ground truth for forthcoming in situ measurements and/or numerical modelling. Evidence consistent with resonant coupling between different IW vertical structures in the Andaman Sea adds to an increasing awareness of the phenomenon in SAR observations, especially since in the Andaman Sea, they include simultaneous, multiple modes. 
